Abstract. Inflammatory response and cardiomyocyte apoptosis are important processes in ventricular remodeling post-myocardial infarction (MI) and may form the basic mechanisms in the development of chronic heart failure. The nuclear factor κB (NF-κB) signaling pathway could promote inflammation and apoptosis and it has been demonstrated that lycopene inhibits cigarette smoke extract-mediated NF-κB activation. Therefore, it was hypothesized that the NF-κB signaling pathway may be a key target of lycopene in the reversal of ventricular remodeling post MI. An MI model was established by left anterior descending coronary artery ligation in mice. Following ligation, the mice were administered with lycopene (10 mg/kg/day) or saline. The mice underwent echocardiography and were sacrificed after 4 weeks. The mRNA expression of fibrosis markers transforming growth factor-β1 (TGF-β1), collagen I and III and inflammatory markers tumor necrosis factor-α (TNF-α) and interleukin-1β were examined by quantitative polymerase chain reaction. The protein expression of apoptotic markers, including caspase-3, -8, -9 and activation of the NF-κB signaling pathway were analyzed by western blotting. Lycopene reduced the expression of TGF-β1, collagen I, collagen III, TNF-α, IL-1β, caspase-3, -8 and -9 and inhibited the activation of the NF-κB signaling pathway. The level of ventricular remodeling post-MI was also attenuated following treatment with lycopene. Lycopene may inhibit the NF-κB signaling pathway thereby reducing the inflammatory response and cardiomyocyte apoptosis post-MI, which could be a key mechanism of lycopene in attenuating ventricular remodeling.
Introduction
Cardiac remodeling post myocardial infarction (MI) results in ventricular dysfunction and heart failure, which contribute to a poor outcome and high mortality rate (1, 2) . Previous studies have reported that the inflammatory response and cardiomyocyte apoptosis were the underlying mechanisms in the development of chronic heart failure (3) (4) (5) . MI causes local inflammation and apoptosis, which can result in cardiomyocyte damage (5) . Proinflammatory mediators are upregulated in cardiac dysfunction and, in particular, elevated levels of inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β in the infarcted myocardium contribute to cardiomyocyte apoptosis (2, 6, 7) . Cell apoptosis may also persist in infarcted areas (8, 9) . The nuclear factor-κB (NF-κB) signaling pathway, involved in inflammation, is also active in the apoptotic pathway. Several approaches to reduce the activation of NF-κB have been demonstrated to reduce myocardial inflammation and apoptosis (10) (11) (12) . Therefore, inhibition of inflammation and apoptosis may be an effective therapeutic strategy for MI.
The NF-κB family is a key factor regulating the inflammatory response by promoting the expression of proinflammatory factors (13) . A member of the NF-κB family, p65, forms homo or heterodimers that are bound to inhibitory (IκB) proteins in the cytosol (14) . Degradation of IκB releases NF-κB dimers and enables the translocation of NF-κB into the nucleus, where it can initiate transcription of target genes. NF-κB activation and subsequent augmented inflammatory responses largely contribute to maladaptive left ventricular remodeling and cardiac dysfunction post-MI (15) . Lycopene is a type of carotenoid, present predominantly in tomatoes. Several epidemiological studies have confirmed that high levels of plasma lycopene could reduce the risk of cardiovascular disease, neurodegenerative disease and cancer (16, 17) . In addition, it was demonstrated that lycopene inhibited inflammatory cell infiltration and pathologic histological alterations following MI induced by isoprenaline (18, 19) . A previous study also reported that lycopene inhibited the expression of interleukin (IL)-8 and the activation of NF-κB in the lungs induced by cigarette smoke (20) and reduced the expression of proinflammatory cytokines in adipose tissue of an animal model of obesity (21). However, the role and mechanism of lycopene in the inhibition of inflammation and apoptosis in MI are yet to be elucidated.
In the present study, it was hypothesized that lycopene inhibited NF-κB activation, which mediates the inflammatory response and cardiomyocyte apoptosis in post-MI remodeling. Therefore, MI mice models were constructed by ligation of the left anterior descending coronary artery (LAD) to examine whether lycopene can inhibit NF-κB activation and thus reduce inflammation and apoptosis in the process of post-MI remodeling. Animals and animal model. The present study was conducted in accordance with the Guide for the Local Care and Use of Laboratory Animals and was approved by the Ethics Committee of The Central Hospital of Wuhan (Wuhan, China). All surgery and subsequent analyses were performed in a blinded manner. Male BALA/c mice (18-25 g; 10-12 weeks) purchased from the Experimental Animal Center of Hubei Province (Wuhan, China), were randomized to undergo LAD ligation or sham surgery. The animals were anesthetized with an intraperitoneal injection of 1% pentobarbital sodium (30 mg/kg) and local injection of 1 ml 1% lidocaine. Thoracotomy was performed via the third left intercostal space. The pericardium was opened and prolene (8-0) was used to ligate the LAD. Visible blanching and hypokinesis of the anterior wall of the left ventricle and swelling of the left atrium were indicative of successful ligation. Sham surgery consisted of the same procedure, however, the suture was passed through the myocardium beneath the LAD without ligation. Animals were divided into several groups. Group I mice received the sham surgery. Group II mice received LAD ligation. Group III mice received LAD ligation and normal saline and group IV mice received LAD ligation and lycopene (10 mg/kg/day, intragastrically for 4 weeks).
Materials and methods

Materials
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. Hearts were perfused with 0.1 ml phosphate-buffered saline (PBS) via the left coronary artery and then dissected and fixed in 4% paraformaldehyde in PBS (pH 7.4) for 24 h at room temperature. Fixed tissues were embedded in paraffin and five sections of 6 mm thickness were cut from each tissue block. TUNEL staining was performed according to the manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). Total nuclei were stained with DAPI (Vector Laboratories Inc., Burlingame, CA, USA). Additionally, cardiac tissue was specifically labeled with the mouse monoclonal α-actinin antibody. (ab9465, Abcam). The apoptotic index (the number of positively stained nuclei / total number of nuclei counted x 100%) was determined in a blinded manner.
Western blot analysis. Protein (50 µg) was extracted from myocardial tissue and lysed in radioimmunoprecipitation assay lysis buffer (Cell Signaling Technology, Inc.) for use in SDS-PAGE (Invitrogen Life Technologies). The proteins were then transferred onto nitrocellulose membranes and inhibited with 5% nonfat dry milk in tris-buffered saline (TBS; Cell Signaling Technology, Inc.) for 90 min at room temperature. Membranes were probed with several primary antibodies against caspase-3, -8, -9, NF-κB p65 and phospho-NF-κB p65 overnight. The next day, it was washed using 1X TBS with Tween-20 (TBST) and incubated for 1 h with horseradish peroxidase-labeled polyclonal mouse anti rabbit antibody (1:2,000) and anti-avidin antibodies (1:1,000) (Jackson Immunoresearch, West Grove, PA, USA) in double anti-TBST fluid. The membrane was washed three times and the film was placed in 10 ml LumiGLO solution (Cell Signaling Technology, Inc.) for 1 min. Following development, the images were put into an automatic image analyzer to determine the function of proteins and the reference gray scale values. Monoclonal GAPDH was used separately as a loading control.
Quantitative polymerase chain reaction (qPCR) analysis.
Total mRNA was extracted from the myocardial tissue using TRIzol according to the manufacturer's instructions and cDNA was synthesized using oligo (dT) primers with the Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics). Selected gene differences were confirmed by qPCR using SYBR green (Roche Diagnostics) and results were normalized against GAPDH gene expression. The sequences of all primers used were as follows: Transforming growth factor-β1 (TGF-β1), forward 5'-AACAACGCCATCTATGAG-3' and reverse 5'-TATTCCGTCTCCTTGGTT-3'; collagen I, forward 5'-AGGCTTCAGTGGTTTGGATG-3' and reverse 5'-CACCA ACAGCACCATCGT TA-3'; collagen I I I, forward 5'-CCCAACCCAGAGA TCCCATT-3' and reverse 5'-GA AG CACAG GAG CAG GT GTAGA-3'; T N F -α, forward 5'-CATCT TCTCAAAATTCGAGTGACAA-3' and reverse 5'-TGGGAGTAGACAAGGTACAACCC-3'; IL-1β, forward 5'-CCGTGGACCTTCCAGGATGA-3' and reverse 5'-GGGAACGTCACA CACCAGCA-3'; GAPDH, forward 5'-ACTCCACTCACGGCAAATTC-3' and reverse 5'-TCTC CATGGTGGTGAAGACA-3'.
Statistical analysis. Data are presented as the mean ± standard deviation. Comparisons between four groups were performed using one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
Lycopene improves cardiac remodeling in MI mice. A model of MI was established by ligating the left coronary artery. Cardiac remodeling was estimated by detecting the mRNA expression of fibrosis markers, including TGF-β1, collagen I and III. Compared with the MI group adminstered with saline, administration of lycopene (10 mg/kg/day) reduced the mRNA expression of TGF-β1, collagen I and III (P<0.05; Fig. 1 ). These results demonstrated that lycopene protected the mice from MI.
Lycopene reduces inflammatory responses in MI mice.
The inflammatory cytokines TNF-α and IL-1β were increased in mice 4 weeks after MI induction by LAD ligation. However, treatment with 10 mg/kg/day lycopene significantly reduced the mRNA expression of TNF-α and IL-1β in infarcted myocardium compared with the normal saline-treated group (P<0.05; Fig. 2 ). These results suggested that lycopene exerted an anti-inflammatory effect on MI mice.
Lycopene attenuates cardiomyocyte apoptosis in MI mice.
A marked decrease in TUNEL-positive nuclear staining was observed in the sectioned left ventricular myocardium following treatment with lycopene (10 mg/kg/day) compared with saline at 4 weeks post-MI (P<0.05; Fig. 3A ). TUNEL-positive nuclear staining was not observed in the sham group. The level of apoptosis, assessed by detecting the protein expression of cleaved caspase-3, -8 and -9 was significantly higher 4 weeks post-MI compared with the sham group. However, the expression of caspase-3, -8 and -9 were markedly decreased following treatment with lycopene (10 mg/kg/day) compared with saline (P<0.05; Fig. 3B and C) . These data indicated that lycopene inhibited myocardial cell apoptosis in mice subjected to MI.
Lycopene inhibits activation of the NF-κB signaling pathway in MI mice. In order to identify the mechanism involved in the inhibition of the inflammatory response and cell apoptosis by lycopene in MI mice, the activation of NF-κB in the ischemic myocardium was detected. Western blot analysis of nuclear and cytoplasmic extracts confirmed that 10 mg/kg/day lycopene decreased the nuclear localization of NF-κB p65 4 weeks post-MI (Fig. 4A and B) . In the ischemic myocardium, the level of NF-κB p65 phosphorylation was markedly induced 4 weeks post-MI. NF-κB p65 phosphorylation was reduced in the lycopene treatment group compared with the MI group administered with saline ( Fig. 4A and B) . These results suggest that lycopene may exert an anti-inflammatory and anti-apoptotic effect by suppressing NF-κB activation in MI mice.
Discussion
Coronary heart disease is expected to become the leading worldwide cause of mortality by 2020 (22) . The primary pathological manifestation of coronary artery disease is myocardial damage, which most likely develops into cardiac remodeling. Cardiac remodeling post-MI involves a complex set of events that paradoxically causes an increase in tissue injury characterized by inflammation, apoptosis, infarction and fibrosis (23) (24) (25) . MI causes inflammatory cell infiltration into the infarct zone and increases the production of proinflammatory cytokines (26) . Therefore, inhibition of inflammatory cell infiltration could reduce cardiac damage and attenuate the development of MI. Lycopene could be useful in treating various inflammatory diseases (27) (28) (29) . The results of the present study indicated that lycopene offers protection from myocardial cell injury and reduces the production of proinflammatory cytokines, including TNF-α and IL-1β in infarcted myocardium.
Cardiac apoptosis is a key pathological feature of MI (30, 31) . Two major pathways that lead to apoptosis have been identified, including the mitochondrial pathway and the death-receptor pathway (32, 33) . These pathways lead to the activation of caspase-3, -8 and -9, the central mediators of the cascade (34) . Cascade protein levels are increased in myocardial samples from patients with right ventricular dysplasia and heart failure (35, 36) . In mice, cardiomyocyte apoptosis may occur transiently during the first few days following MI in the ischemic area, whereas left ventricular remodeling following MI is associated with apoptosis in the myocardium remote from the infarct. Previous studies have also demonstrated that the amplification of apoptosis was sufficient to increase infarct size, indicating a critical role for cardiomyocyte apoptosis in myocardial infarct expansion (37, 38) . The present study demonstrated that myocardial cell apoptosis, measured via TUNEL assay and caspase-3, -8 and -9 protein expression levels, was inhibited by lycopene treatment, implying an antiapoptotic role for lycopene and correlating with protection from myocardial cell injury. Therefore, it was hypothesized that lycopene treatment may reduce ventricular remodeling by decreasing cardiomyocyte apoptosis in the infarct and peri-infarct regions.
In addition, lycopene decreased the nuclear localization of nuclear NF-κB p65 and markedly suppressed NF-κB activation. NF-κB is a transcription factor that regulates several inflammatory genes and is a key regulator of the inflammatory response (39) . Activation of NF-κB induces the transcription of pro-inflammatory genes, including TNF-α and IL-1β. It has been demonstrated that NF-κB is activated by myocardial injury, with cardiac myocytes and interstitial cells being important sources of NF-κB (40, 41) . Proinflammatory cytokines exert their actions on target cells by transactivating NF-κB, thus cells, including cardiomyocytes, respond to proinflammatory cytokines by activating NF-κB. The results of the present study suggest that the cardioprotective effect of lycopene may be due to reduced production of proinflammatory cytokines via inhibition of the NF-κB activity induced by local myocardial injury. Therefore, this suggests that lycopene may have a cardioprotective effect associated with the inhibition of local myocardial inflammation and apoptosis.
The present study provided evidence of a novel cardioprotective effect of lycopene in a mouse model of MI. This protection was conferred, at least partially, by its anti-inflammatory and antiapoptotic actions following myocardial injury. These findings may provide a basis for a new therapeutic application of lycopene in the prevention of myocardial cell injury following MI. 
